The development, maintenance and regeneration of epithelial appendages such as hairs or vibrissae depend on reciprocal interactions between the epidermal and the dermal components of the integument. Growth factors are among a number of signaling molecules that have been identified during these developmental events. Growth factors such as fibroblast growth factors (FGFs) bind cell surface heparan sulfate proteoglycans (HSPGs) on their heparan sulfate side chains and as such these proteoglycans act as co-receptors for FGF receptors (FGFRs) by forming a ternary signaling complex of HSPG, FGFR and FGF. The syndecans make up a family (syndecan-1-4) of transmembrane HSPGs. In the present study we examined the growth response of mouse vibrissae to HSPG-binding growth factors as a function of the presence or absence of syndecan-4 in an organ culture system. Syndecan-4 is expressed on keratinocytes that make up the inner root sheath of the vibrissa. Vibrissae from wild-type mice, but not from syndecan-4 null mice, displayed a statistically significant and dose-dependent growth response to FGF-1, FGF-2 and FGF-7. In contrast, a statistically significant growth response is seen in vibrissae from both wild-type and syndecan-4 null mice when the culture medium is supplemented with either hepatocyte growth factor (HGF) that binds to HSPG, insulin that does not bind to HSPG or 5% fetal bovine serum. The syndecan-4 dependent effect of FGF-1, -2 and -7 on the transcriptional activity of IRS expressed genes and of genes involved in cell proliferation reveals a number of different response patterns. In vivo, the vibrissae of syndecan-4 null mice are shorter and have a smaller diameter than those of wild-type mice and this phenotype may result from a suboptimal response to growth factors. Syndecan-1, which is expressed in the outer root sheath of the vibrissae shaft, does not influence the response of the vibrissae to FGF-1, -2 and -7 and the length and diameter of vibrissae of syndecan-1 null mice do not differ from those of wild-type mice.
Introduction
Cutaneous appendages, such as hairs, vibrissae and feathers, own their origin to a series of interactions between the embryonic epithelium and underlying mesoderm. Initially, the underlying dermis induces the formation of an epidermal placode in the overlying ectoderm. The placode represents the first morphological evidence of the appearance of a cutaneous appendage. Subsequent signaling by the placode to the underlying dermis results in the formation of dermal condensations that in turn signal the overlying ectoderm to differentiate. The end result of these reciprocal signaling events between the ectoderm and mesoderm in mammals is the formation of an epithelial structure, a hair or vibrissa, that is made up of a shaft surrounded by a series of epithelial structures, the inner and outer root sheaths. At the base of the follicle of the shaft, the inner and outer root sheaths split and surround the dermal papilla. Once formed, mature follicles undergo a growth cycle with distinct phases identified as anagen (growth), catagen (regression) and telogen (resting) (Millar, 2003; Oshima et al., 2001; Stenn and Paus, 2001) . A number of signaling molecules and their signaling components have been identified that are expressed in either the epithelial or dermal component during appendage formation or regeneration. These include, b-catenin, fibroblast growth factors (FGFs) 1 and their receptors, hepatocyte growth factor (HGF) and its receptor Met, TGF-b, MSX1 and -2, BMPs, Shh, Lef1 and members of the Wnt family (Andl et al., 2002; Bond et al., 1998; Cadigan and Nusse, 1997; Chiang et al., 1999; Danilenko et al., 1996; Guo et al., 1996; Guo et al., 1993; Huelsken et al., 2001; Jindo et al., 1994; Lindner et al., 2000; Millar, 2003; Millar et al., 1999; Ozeki and Tabata, 2002; Philpott et al., 1994; Reddy et al., 2001; Stenn et al., 1996; Werner et al., 1994) .
FGFs are major regulators of embryonic development (Lin et al., 1999; Ornitz, 2000; Ornitz and Itoh, 2001; Szebenyi and Fallon, 1999) . Members of the FGF family of growth factors and their receptors have well-defined patterns of expression and function during the development, growth and regeneration of cutaneous appendages (Danilenko et al., 1996; Millar, 2003; Stenn et al., 1996) . Early in development of the skin FGFs are involved in establishing the reciprocal epithelial-mesenchymal dialogue that ultimately leads to the formation of a cutaneous appendage. Thus dermally derived FGF-10 can determine the formation of placodes in the overlying ectoderm (Mandler and Neubuser, 2004 ) and FGF-2, which is expressed in placode cells (Song et al., 1996; Widelitz et al., 1996) , is sufficient a signal to form condensations in the underlying dermis (Song et al., 2004) . The pattern of expression of FGF-1, -2, -5 and -7 and FGF receptors (FGFRs) in human and mouse dorsal hair follicles has been well-characterized (Mitsui et al., 1997; Rosenquist and Martin, 1996) and FGF-2 has been shown to stimulate the growth of murine pelagic hair in vivo (Ozeki and Tabata, 2002) . FGF-7 stimulates keratinocyte growth in skin and affects hair growth. Its overexpression in the basal keratinocytes of the epidermis and in follicular keratinocytes in the ORS, as well as the selective inhibition of FGFR2, the FGFR for which FGF-7 has the highest affinity, in the same keratinocyte populations reveals a marked decrease in hair follicle number and abnormalities in follicular morphology (Guo et al., 1993; Werner et al., 1994) . Finally, the generation of mice null for FGF-5 and FGF-7 indicates that FGF-5 is a negative regulator of hair elongation (Hebert et al., 1994) and that FGF-7 is required for normal follicular development and the maintenance of a normal hair coat (Guo et al., 1996) .
Optimal FGF signaling requires the formation of a ternary complex made up of the growth factor, a high-affinity tyrosine kinase receptor (FGFR) and heparan sulfate (HS) (Allen et al., 2001; Allen and Rapraeger, 2003; Lin et al., 1999; Ornitz, 2000; Ornitz and Itoh, 2001; Ornitz et al., 1996; Pellegrini, 2001; Rapraeger et al., 1991; Szebenyi and Fallon, 1999; Petiot et al., 2003) . The formation of this ternary complex is not only regulated by the spatial and temporal expression of the FGFs and their FGFRs but also by the sulfation pattern of the HS. Variations in the sulfation pattern results in unique spatially and temporally regulated domain structures in the HS sidechains. These developmentally regulated domain structures are critical for binding of the HS to both the growth factor and the growth factor receptor. In addition, signaling functions mediated by the HS chains can be modulated by the core proteins to which they are attached. At the cell surface the HS can be bound to core proteins that make up the various members of the syndecan and glypican families of HSPGs (Bernfield et al., 1999) . In addition to binding a large number of growth factors through their HS chains, cell surface HSPGs also bind ECM components and as such they have been viewed as co-receptors for either growth factor receptors or matrix receptors (Bernfield et al., 1999) .
The syndecans make up a family of four transmembrane HSPGs (syndecan-1 through -4) that can bind FGFs. The amino acid sequence of the ectodomains of the syndecan core proteins differs greatly among the family members except at sites of heparan sulfate chain attachment. The identification of syndecans as a discrete proteoglycan family is based on the highly conserved amino acid sequence of the transmembrane and cytoplasmic domains. Within the highly homologous cytoplasmic domains lies a variable region that classifies syndecan-1 and -3, and syndecan-2 and -4 into two subfamilies (Bernfield et al., 1999) . We have shown that syndecan-4 can act as a co-receptor with a5b1 integrins when cells adhere to extracellular matrix molecules such as fibronectin (Saoncella et al., 1999; Wilcox-Adelman et al., 2002) . In the present study we examined the role of syndecan-4 as a co-receptor for growth factor receptors in the growth of mouse vibrissae. For this we measured the growth response of vibrissae derived from syndecan-4 +/+ and À/À mice (Echtermeyer et al., 2001) to heparan sulfate binding growth factors in an in vitro organ culture system. Our results indicate that syndecan-4 mediates the growth response of vibrissae to FGF-1, -2 and -7 and that these three growth factors can elicit different patterns of syndecan-4 dependent response of IRS expressed genes. The specificity of syndecan-4 in the response to FGF-1, -2 and-7 is indicated from the observation that the response to these growth factors is identical in vibrissae from wild-type and syndecan-1 null mice (Stepp et al., 2002) .
Results

Syndecan-4 is expressed in the IRS of mouse vibrissae
Detection of b-galactosidase activity driven by the syndecan-4 promoter in an E15.5 syndecan-4 null mouse embryo indicates that syndecan-4 is expressed in the vibrissa follicles as well as in the hair follicles (Fig. 1A) . b-Galactosidase detection in sectioned 16-week-old vibrissae indicates that syndecan-4 is expressed in the inner root sheath (IRS) of anagen vibrissae derived from either syndecan-4 +/À or À/À mice (Figs. 1B and C) . Immunodetec-tion of syndecan-4 in anagen vibrissa follicles of syndecan-4 +/+ mice also reveals syndecan-4 in the IRS (Fig. 1D) . Thus, the expression of syndecan-4 in the IRS of mouse anagen vibrissa follicles is demonstrated by two-independent detection methods.
Expression of syndecan family members is spatially restricted in mouse vibrissae
Immunodetection of syndecan-4 (Figs. 1 and 2G) and syndecan-4 driven expression of b-galactosidase (Fig. 1) indicates that syndecan-4 is expressed in the IRS of mouse vibrissae. Syndecan-1 and syndecan-2, in contrast, are detected in the outer root sheath (ORS) of vibrissae from either syndecan-4 +/+ or À/À mice ( Figs. 2A and C) . The pattern of expression of syndecan-3 in the IRS overlaps that of syndecan-4 (Fig. 2E) . The absence of syndecan-4, as in the syndecan-4 À/À vibrissae (Fig. 2H) , does not alter the expression pattern of syndecan-1, -2 and -3 (Figs. 2B, D and F).
Expression profiles of FGF receptors in mouse vibrissae
The expression of FGFRs in anagen vibrissa follicles of syndecan-4 +/+ and À/À mice is shown in Fig. 3 . FGFR-1 is expressed in both the ORS and IRS of the anagen vibrissae ( Fig. 3A ) whereas FGFR-2 is expressed only in the IRS (Fig. 3C ). FGFR-3 has a broader pattern of expression and is detected in the ORS, IRS, matrix and dermal papilla of the vibrissae (Fig. 3E ). FGFR-4 expression was not detected under our experimental conditions (data not shown). The results of the FGFR expression also indicate that the absence of syndecan-4 does not alter the expression pattern of FGFR-1, -2 and -3 (Figs. 3B, D and F). 
FGF-1, -2 and -7 stimulate vibrissa growth in a syndecan-4 dependent manner
We examined the effect of FGF-1, FGF-2, FGF-5, FGF-7 and HGF on the growth of vibrissae from syndecan-4 +/+ and À/À mice in an organ culture system. These five growth factors bind heparan sulfate. We also tested insulin, as a growth factor that does not bind heparan sulfate and 5% FBS as a positive control. Vibrissae of both genotypes demonstrated a positive and equal response to the 5% FBS supplement. The growth response of a syndecan-4 +/+ anagen vibrissa cultured for 4 days in medium containing 5% FBS is illustrated in Fig. 4 . Of the five growth factors that bind heparan sulfate, FGF-1, FGF-2, FGF-7 and HGF stimulated the growth of syndecan-4 +/ + vibrissae in a dose dependent manner (Figs. 5A, C, E and G). FGF-5 had no effect on the growth of vibrissae of mice of either genotype even when tested at concentrations of 500 and 2500 ng/ml (data not shown). Of the four growth factors that stimulate growth of syndecan-4 +/+ vibrissae, FGF-1, -2 and -7 failed to stimulate the growth of the vibrissae of the syndecan-4 À/À mice (Figs. 5B, D and F) whereas HGF stimulated the growth of syndecan-4 À/À vibrissae to the same extent as those of syndecan-4 +/+ mice (Figs. 5G and H) . Insulin also stimulated, albeit at somewhat reduced levels, a significant growth of vibrissae of both genotypes to the same extent (Figs. 5I and J). 
Shafts of syndecan-4 +/+ and À/À vibrissae differ in size
The reduced response of cultured syndecan-4 À/À vibrissae to FGF-1, -2 and -7 might predict an altered growth pattern of these structures in vivo. This prediction is confirmed in that a statistically significant (p < 0.01) difference in the diameter and length of the vibrissa shafts is evident between syndecan-4 +/+ and À/À mice. The average ± standard deviation of the diameter for syndecan-4 +/ + vibrissae was 63.0 ± 7.9 lm in contrast to 51.1 ± 11.7 lm for those of the syndecan-4 À/À vibrissae (Fig. 6A) . The average ± standard deviation of the length of syndecan-4 +/+ vibrissae was 18.0 ± 2.6 mm in contrast to 15.7 ± 4.0 mm for those of the syndecan-4 À/À vibrissae (Fig. 6B ).
2.6. FGF-1, -2 and -7 stimulate vibrissa growth in a syndecan-1 independent manner
To test the possible role of other syndecan family members in the growth response of vibrissae to growth factors we analyzed the response of syndecan-1 deficient vibrissae to FGF-1, -2 and -7. The growth response of syndecan-1 À/À vibrissae to these three growth factors was identical to the response of the vibrissae derived from the syndecan-1 +/+ mice (Figs. 7A-F). These results indicate that the absence of syndecan-1 does not alter the growth of vibrissae and they suggest that differences seen in the absence of syndecan-4 may represent a unique role for this proteoglycan in FGF signaling in the growth of the vibrissae. Furthermore, unlike the vibrissae of syndecan-4 null mice that were thinner and shorter than those of wild-type littermates, we observed no statistically significant differences in either the diameter or the length of the vibrissa shafts between syndecan-1 +/+ and À/À mice (Figs. 7G and H). The mean diameter ± standard deviation for syndecan-1 +/+ vibrissae was 65.8 ± 13.2 and 66.9 ± 8.0 lm for that of the syndecan-1 À/À vibrissae. The mean length ± standard deviation for syndecan-1 +/+ vibrissae was 19.4 ± 3.4 mm in contrast to 19.5 ± 3.7 mm for that of the syndecan-1 À/À vibrissae 2.7. Distinct FGF signaling response patterns in vibrissae are controlled by syndecan-4
The isolated portion of the anagen whisker contains IRS, ORS and matrix. However, syndecan-4 is detected only in the IRS of these epithelial portions. Therefore, we analyzed the response of isolated epithelial portions of syndecan-4 +/+ and À/À anagen vibrissae to FGF-1, -2 and -7 treatment, by RT-PCR, for potential syndecan-4 dependent alterations in the level of expression of genes that encode signaling and structural proteins that are expressed in the IRS as well as proteins involved in cell proliferation (Fig. 8) .
The IRS expressed proteins analyzed were Wnt3a (Reddy et al., 2001), FGF-1 (Rosenquist and Martin, 1996) and K6irs1 (Aoki et al., 2001 ). The proteins involved in cell proliferation were cyclin A (Desdouets et al., 1995; Yam et al., 2002) and cdc25A (Fuhrmann et al., 1999; Zornig and Evan, 1996) . Several patterns of syndecan-4 dependent FGF response in the epithelial portions of the vibrissae are revealed from this analysis. The first response pattern is seen for Wnt3a and FGF-1 where FGF-1 and -2, but not FGF-7, affect the level of expression of these genes in a syndecan-4 dependent manner. A second response pattern is seen for the IRS specific keratin, K6irs1, where all three FGFs tested stimulated the level of expression in syndecan-4 +/+, but not in syndecan-4 À/ À , epithelial portions of the whiskers. A third response pattern is seen for the cell proliferation proteins, cyclin A and cdc25A where FGF-7, but not FGF-1 and -2, stimulated the level of expression of these two genes in the epithelial portions of syndecan-4 +/+, but not in syndecan-4 À/ À , vibrissae.
Discussion
We have shown previously that syndecan-4 can act as co-receptor with integrins in cells adherent to the ECM molecule fibronectin (Saoncella et al., 1999; Wilcox-Adelman et al., 2002) . In the present study we examined the possible role of syndecan-4 as a co-receptor for growth factor receptors in regulating the growth of mouse vibrissae.
We report a unique pattern of expression of the syndecans in mouse anagen vibrissae, with syndecan-1 and -2 expressed in the ORS and syndecan-3 and -4 in the IRS. The detection of syndecan-1 in the ORS confirms a report of its expression in the ORS of the human anagen hair follicle (Bayer-Garner et al., 2002) . Whereas these authors also detected syndecan-1 in the dermal papilla of human anagen hair follicles, we did not detect any immunoreactivity for any syndecans in the dermal papillae of the anagen vibrissae. This observation may reflect species differences or a dynamic pattern of expression during development and regeneration (Trautman et al., 1991) .
Differences in the pattern of expression of syndecan-4 between vibrissae and pelage hairs and within the epidermis of the mouse (our unpublished observations) reveal a very dynamic pattern of expression of this HSPG in skin. Whereas syndecan-4 is expressed only in the IRS of the anagen vibrissa (present study), it is expressed in both the IRS and the ORS in pelage hair follicles. Furthermore, syndecan-4 has a hair cycle-dependent pattern of expression in mouse dorsal skin in that it is detected in the epidermis of the skin in the region in which the hairs are in telogen but not in the region in which they are in anagen.
Differences between vibrissae and pelage hairs may also exist in the expression of FRGRs. The immunodetection of the FGFRs in the anagen vibrissa revealed FGFR-1, -2 and -3 in the IRS. We detected only FGFR-1 and -3 in the ORS. FGFR-3 is also detected in the matrix and dermal papilla of the vibrissae. The detection of FGFR protein in the vibrissa differs from the pattern of detection of the mRNA of these receptors in mouse hair where FGFR-1 is found in the dermal papilla, FGFR-2 in matrix cells, FGFR-3 in precuticle cells and FGFR-4 in the ORS, IRS and matrix cells (Rosenquist and Martin, 1996) . We did not detect any immunoreactivity for FGFR-4 in our study.
In our in vitro analyses of the mechanism of action of syndecan-4 in the growth of vibrissae in culture we examined the effect of five growth factors (FGF-1, -2, -5, -7 and HGF) that bind heparan sulfate. The four FGFs were selected because they have been reported to be expressed in the mouse hair follicle (Rosenquist and Martin, 1996) . Of these, only FGF-1, -2 and -7 demonstrated a syndecan-4 dependent stimulation of vibrissae growth and when isolated epithelial portions of the vibrissae are treated individually with these three growth factors several different patterns of response in the level of expression of a number of IRS expressed genes are revealed. One pattern of response is seen for Wnt3a and FGF-1. A syndecan-4 dependent elevation in the level of expression of IRS expressed Wnt3a and FGF-1 is seen after FGF-1 and FGF-2, but not FGF-7, treatment. A second pattern of response is seen for the elevation in the level of expression for cyclin A and cdc25A after exposure to FGF-7, but not to FGF-1 and FGF-2. A final pattern of response is seen for the level of expression of the IRS specific keratin, K6irs1. In this case a response is seen after treatment of the epithelial components of the vibrissae with either FGF-1, -2 or -7. The basis for these different syndecan-4 dependent FGF signaling patterns is not clear at this time but they do point to a complex set of possible mechanisms that regulate the growth of the vibrissae. The syndecan-4 dependent FGF-1, -2 and -7 effects may be direct or indirect. The syndecan-4 dependent stimulatory effect of FGF-7 on the level of expression of cyclin A, cdc25A and K6irs1 could reflect a direct stimulation of the keratinocytes in the IRS by this growth factor. However, the stimulation of K6irs1 by FGF-7 is unlikely to be a secondary effect to the proliferative stimulation by this growth factor since both FGF-1 and -2 stimulate K6irs1 in the absence of a proliferative stimulus.
The stimulatory effect of FGF-1 and -2 on vibrissa growth as a result of the syndecan-4 dependent elevation of Wnt3a expression demonstrated in the isolated epithelial component could be indirect. One mechanism could be that in the intact vibrissa, Wnt3a acts on the dermal papilla as an intermediary signaling center by stimulating the production of a factor, as yet unidentified, for the growth of the vibrissa. This suggestion is consistent with the demonstration that Wnt3a is required for maintaining the hair inducing capacity dermal papilla (Kishimoto et al., 2000) .
FGFs and FGFRs display an element of specificity in their interactions (Ornitz et al., 1996; Szebenyi and Fallon, 1999) . Of the three FGFs examined in the present study, FGF-7 shows the highest level of specificity in that it binds only FGFR-2. FGF-1 and FGF-2 show less receptor specificity and both growth factors bind FGFR-1, -2 and -3. The co-localization of FGFR-1, -2 and -3 with syndecan-4 in the IRS of vibrissae is consistent, therefore, with a possible co-operative signaling role of these receptors with syndecan-4 in the response of the vibrissae to the three growth factors investigated. In contrast, based on the observation that syndecan-1 and FGFR-1 and -3, but not FGR-2, are expressed in the ORS one would predict that this syndecan family member could be involved in the response of the vibrissae to FGF-1, and -2, but not to FGF-7. In fact, our results indicate that syndecan-1 plays no detectable role in the signaling by FGF-1, -2 and -7 since we observed no difference between the syndecan-1 null and syndecan-1 WT vibrissae in their response to these three growth factors.
We propose, therefore, that syndecan-4 plays an important role in mediating the signaling by FGF-1, -2 and -7 in the growth of the vibrissae. It should be noted that syndecan-3 has a spatial pattern of expression that overlaps with that of syndecan-4 in the IRS of wild-type vibrissae and that the absence of syndecan-4 in the syndecan-4 null vibrissae does not affect the distribution of syndecan-3 or that of any of the FGFRs. This observation suggests that syndecan-3 might not be able to substitute for syndecan-4 in the response to the growth factors. The absence of a functional substitution could be due to qualitative differences in the domain structure of the HS sidechains of syndecan-4 and syndecan-3, to suboptimal quantities of syndecan-3 or to a role of the core proteins of the syndecans in growth factor signaling. Involvement of the syndecan-4 core protein in the stimulation of the growth of the vibrissae in response to the three growth factors may add a level of regulation that complements that contributed by the domain structure of HS. A function for both the HS chains and the cytoplasmic domain Fig. 8 . Effect of growth factors on the expression of the IRS specific proteins Wnt3a, FGF-1, K6irs1 as well as cyclin A and cdc25a mRNA by epithelial portions of vibrissae. FGF-1 and FGF-2 stimulate the level of expression of Wnt3a and FGF-1 in isolated epithelial portions of vibrissae from syndecan-4 +/+, but not from syndecan-4 À/À, mice. FGF-7 had no effect on the expression of Wnt3a and FGF-1 in the epithelial portions of either genotype. The level of expression of K6irs1 is stimulated by all three FGFs in a syndecan-4 dependent manner. FGF-1 and FGF-2 do not stimulate the level of expression of mRNA for cyclin A and cdc25a in isolated epithelial portions of either genotype whereas FGF-7 stimulates the level of expression of mRNA for both cyclin A and cdc25a in isolated epithelial portions of vibrissae from syndecan-4 +/+, but not syndecan-4 À/À, mice.
of syndecan-4 in the response of in the migratory and proliferative response of endothelial cells to FGF-2 signaling has been demonstrated (Horowitz et al., 2002; Volk et al., 1999) . Thus, a specific role for the syndecan-4 core protein (and perhaps other syndecan core proteins) in growth factor signaling would represent a function beyond the growth factor binding by the syndecan-4 heparan sulfate side chains. In such a model syndecans would have an extracellular growth factor binding function through the domain structure of their heparan sulfate chains and a specific intracellular signaling function through their core protein. A role for the syndecan core proteins could result from the use of their cytoplasmic domains as docking sites for the recruitment of specific cytoplasmic proteins to the site of growth factor signaling (Rapraeger, 2000) . A number of proteins (syntenin, synectin, synbindin, CASK, syndesmos and PKCa) and PIP2 have been reported to bind the cytoplasmic domains of syndecans (Baciu et al., 2000; Cohen et al., 1998; Ethell et al., 2000; Gao et al., 2000; Grootjans et al., 1997; Oh et al., 1997) . Some of these proteins have been shown to be involved in cell-ECM interactions.
Experimental procedures
Animals
The generation of mice with a targeted mutation of the syndecan-4 core protein gene in C57BL/6 mice has been reported. These mice express b-galactosidase under the control of the syndecan-4 promoter (Echtermeyer et al., 2001) . Syndecan-1 null mice, in a BALB/c genetic background (Stepp et al., 2002) , were a generous gift of the late Merton Bernfield. C57BL/6 and BALB/c wild-type mice were purchased from Charles River Laboratories. All animal procedures had the approval of the Massachusetts General Hospital Animal Care and Use Committee.
b-Galactosidase histochemistry and immunohistochemistry
For b-galactosidase staining, samples were fixed with PBS-buffered 4% formaldehyde for 1 h at room temperature. b-Galactosidase activity was detected using 5-bromo-4-chloro-3-indolyl b-D-galactoside (X-gal) as a substrate as described by (Kawabe et al., 1991) . Sections were either mounted directly or counterstained with contrast red (KPL, MD) after dewaxing.
For immunohistochemistry, the vibrissae were dissected and embedded in OCT compound (Sakura Finetek, Torrence, CA). Immunohistochemical staining was performed on 10 lm frozen sections, using the following primary antibodies. Rat monoclonal anti-syndecan-1 antibody (568) and rabbit polyclonal anti-syndecan-4 antibody (G1096) were gifts from Merton Bernfield. Rabbit polyclonal anti-syndecan-2 antibody (M-140), rabbit polyclonal anti-syndecan-3 antibody (M-300), rabbit polyclonal antimouse FGFR2 antibody (C-17), rabbit polyclonal anti-FGFR3 antibody (H-100) and rabbit polyclonal anti-FGFR4 antibody (H-121) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal anti-FGFR1 antibody was purchased from Upstate Biotechnology Inc. (Lake Placid, NY). FITC-conjugated rabbit anti-rat IgG and goat anti-rabbit IgG were used as secondary antibodies. These were purchased from Jackson Immuno Research Laboratories Inc (West Grove, PA). All antibodies were used at a 1:20 dilution except for the anti-FGFR1 antibody that was used at a dilution of 1:50. Dilutions were in PBS. Normal rabbit IgG or normal rat IgG, from Santa Cruz Biotechnology, were used in negative control experiments at the same concentrations used with the specific antibodies. Nuclei were stained with propidium iodide as a counter stain.
Vibrissa organ cultures
Sixteen-week-old female mice were used for the vibrissa explant experiments. Vibrissa pads were isolated according to published procedures Yano et al., 2001 ). The isolated pads were briefly immersed in 70% ethanol and PBS, followed by incubation for 10 min in William's E medium (Gibco) supplemented with antibiotics (200 U/ml of penicillin G, 200 lg/ml of streptomycin sulfate and 0.5 lg/ml of amphotericin B). Vibrissa follicles were collected under a dissecting microscope, and the part of the shaft that extended beyond the epidermal surface was cut off. The follicles were then cultured overnight in William's E medium supplemented only with antibiotics. Under these conditions some growth is observed in anagen follicles but not in telogen follicles. The follicles identified as anagen follicles were then placed on a transwell membrane (Costar, 24 mm diameter, 3.0 lm pore size) in either William's E medium alone, in medium containing 5% fetal bovine serum (FBS) or in medium supplemented with individual growth factors at concentrations indicated in the figures. Follicles were cultured for 4 days at 37°C in a 5% CO 2 atmosphere. The medium was replaced daily. After 4 days, the length of the outgrown shaft was measured under a dissecting microscope. The following growth factors were used in the organ culture experiments. Recombinant human FGF-1, FGF-2 and FGF-5, expressed in Escherichia coli, were purchased from R&D Systems (Minneapolis, MN). Recombinant human FGF-7, expressed in E. coli, was purchased from Upstate Biotechnology Inc. (Lake Placid, NY). Recombinant human hepatocyte growth factor (HGF), expressed in Sf21 insect cells and insulin, purified from bovine pancreas, were purchased from Sigma (Saint Louis, MO).
Culture of the epithelial portion of vibrissae
To obtain the epithelial portion of vibrissae, the capsules were first removed and the dermal papillae were then dissected away. The dermal sheath was eliminated by a 30 min Dispase (Sigma) treatment at 37°C. Dissected epithelial portions were cultured in serum-free KBM medium (Clonetics) overnight. On day 2, the medium was replaced with fresh KBM medium in the presence or absence of growth factors, cultured for 24 h and analyzed by RT-PCR. All cultures of the epithelial portions of the whisker were carried out at 37°C in a 5% CO 2 atmosphere.
cDNA synthesis and semiquantitative RT-PCR analysis
Total RNA was prepared from the epithelial portions of twenty vibrissae using Trizol (Gibco BRL, Rockville, MD), and first-strand cDNAs were synthesized with random primers using Superscript II (Invitrogen). Semiquantitative RT-PCR amplifications were performed using the following conditions: 94°C for 30 s, 58°C for 30 s, 72°C for 1 min. The PCR primers for Wnt3a were synthesized using the sequences described by (Reddy et al., 2001) . All primer sequences used in this study are listed in Table 1 . GenBank Accession numbers of the cDNAs of these molecules and the number of amplification rounds used for each reaction to achieve semiquantitative amplification are also listed in Table 1 . PCR reaction products were separated on 1.5% agarose gels and visualized with ethidium bromide. Signals of PCR products on the gel were analyzed by NIH Image software.
Measurement of diameter and length of vibrissae shafts
Vibrissae were carefully cut at the bottom of the shaft from vibrissae of the first through the third row. Vibrissae shafts were collected and placed on microscope slides. Their diameter was measured using an ocular micrometer. Their length was measured with a ruler.
Statistical analyses
All quantitative data are expressed as means +/À standard deviation (SD). The statistical analyses were performed using the two-sided unpaired Student's t-test. 
